ABSTRACT: Organometal halide (hybrid) perovskite solar cells have been fabricated following four different deposition procedures and investigated in order to find correlations between the solar cell characteristics/performance and their structure and composition as determined by combining depthresolved imaging with time-of-flight secondary ion mass spectrometry (ToF-SIMS), X-ray photoelectron spectroscopy (XPS), and analytical scanning transmission electron microscopy (STEM). The interface quality is found to be strongly affected by the perovskite deposition procedure, and in particular from the environment where the conversion of the starting precursors into the final perovskite is performed (air, nitrogen, or vacuum). The conversion efficiency of the precursors into the hybrid perovskite layer is compared between the different solar cells by looking at the ToF-SIMS intensities of the characteristic molecular fragments from the perovskite and the precursor materials. Energy dispersive X-ray spectroscopy in the STEM confirms the macroscopic ToF-SIMS findings and allows elemental mapping with nanometer resolution. Clear evidence for iodine diffusion has been observed and related to the fabrication procedure.
INTRODUCTION
Owing to their excellent optical and electric properties, organometal halide perovskites have been considered since the early 1990s as possible materials for solution-processed optoelectronic devices. 1 However, only recently have perovskites gained worldwide interest due to breakthrough performance when used in photovoltaic devices. In the past few years, perovskite-based solar cell (PSCs) have shown a rapid increase in their power conversion efficiency (PCE) going from 3.8% 2 to 20.1% 3 on small area devices and reaching a PCE of 13% and 9.3% on modules with active areas of 10 and 100 cm 2 , respectively. 4, 5 Thus, hybrid perovskites represent a promising alternative class of light harvesters for thin film photovoltaic devices in terms of cost and processability with respect to more established competitors, such as CdTe, CIGS, and a-Si.
A critical issue for PSCs is related to their long-term device stability. Moisture has been demonstrated to play a major role in degrading long-term performance of PSCs. 6 The effect of moisture can be alleviated by modifying the perovskite composition by doping with Br atoms, 7 by modifying the device architecture by inserting an alumina layer between the perovskite and the hole-transport material (HTM), 8, 9 or by varying the environment where the conversion of the precursors into the perovskite structure (perovskite conversion) takes place. 10 Nevertheless, an efficient sealing strategy is mandatory to avoid in-service penetration of the moisture into the cell. 11, 12 Several studies have been devoted to obtain highquality perovskite films by increasing the perovskite coverage, 13 and by optimizing perovskite crystal size. 14 This perovskite layer optimization has led to the identification of efficient solution-based perovskite deposition methods leading to high PCE solar cells: these are commonly referred to as the two-step deposition, 13 one-step deposition with chlorine doping, 15, 16 vapor assisted solution deposition (VASP), 17, 18 and solvent engineering method. 19 PSCs are heterogeneous systems comprising multiple layers of materials characterized by very different morphologies and physical/chemical characteristics. The device performance is well-known to critically depend on the interfaces between the layers; it was shown that different processing conditions of the same starting precursors result in a high variability of performance. 20 In this paper, we investigate the structural and interfacial properties of PSCs fabricated with different methods in order to correlate the deposition technique to the electro-optical device features and their structural, compositional, and interface characteristics. PSCs deposited following four different fabrication routes have been tested and compared. The perovskite deposition methods include two-step deposition with perovskite conversion in vacuum (sample labeled "A"), in controlled nitrogen atmosphere ("B"), or in air ("C") and a one-step process with lead chloride precursor carried out in a nitrogen-filled glovebox ("D"). Sample C was realized optimizing the deposition of the lead iodide using air-assisted blade coating technique as reported in a previous work. 5 The device structure has been analyzed with scanning transmission electron microscopy (S/TEM), the atomic composition with high resolution energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS), the interfaces and molecular analysis have been performed with time-of-flight secondary ion mass spectrometry (ToF-SIMS) with 3D imaging capability. Moreover, the molecular analysis is used to evaluate and compare the perovskite conversion efficiency associated with each deposition method. The combination of complementary techniques allows a full characterization of the materials which well correlates with the PSC performance.
RESULTS AND DISCUSSION
2.1. Electrical Characterization of the Solar Cells. The deposition procedure and conditions for each sample are summarized in Table 1 . The perovskite layer deposition (method and precursor solution) and the perovskite conversion process (environment, thermal annealing) were optimized according to previous results. 4, 5, 15, 18 Current−voltage characteristics under 1 SUN illumination are displayed in Figure 1 , while the main photovoltaic parameters are reported in Table 2 . Sample B (2-step, conversion in glovebox) showed the best performance, reaching a PCE of 13.3% with high V OC (998 mV) and J SC (18.8 mA/cm 2 ). Interestingly, sample C (2-step, conversion in air) showed similarly high PCE of 11.9%, demonstrating that the (short-term) performance is not strongly affected by the perovskite conversion environment. Furthermore, sample A (2-step, conversion in vacuum) shows the lowest V OC within the devices deposited with a double step, yielding a lower PCE of 9.7%. This result could be ascribed to the uncompleted perovskite conversion within the mesoporous TiO 2 layer and/or to the presence of thinner and nonuniform perovskite layer (as will be shown in cross-sectional TEM images reported later in this paper). Although the presence of a thick and uniform perovskite capping layer between the HTM and the TiO 2 (as obtained on the samples B and C) is beneficial in efficiently preventing charge recombination, the decrease in the V OC observed in the VASP deposited perovskite suggests intrinsic issues limiting the perovskite formation into the mesoporous TiO 2 . In the literature, higher PCE values have been obtained with VASP technique only on planar structure devices. 18 A strong reduction in the J SC is observed in sample D (1-step, conversion in glovebox) which also displays a fairly low V OC value and a lower PCE compared to devices processed with a double-step method. In the literature such behavior has been ascribed to a possible discontinuous perovskite layer leading to a direct contact between the HTM and the mesoporous TiO 2 scaffold. 21, 22 Furthermore, the analysis of the hysteresis effect on J−V characteristics is included in the Supporting Information. The hysteresis behavior is compared by calculating an hysteresis index (h i ) defined as the ratio between the PCE measured in reverse (PCE REV ) and forward scan (PCE FOR ) directions. Sample A and C show lower hysteresis indices (h A = 1.0898 and h C = 1.0917); the higher hysteresis measured in sample B (h B = 1.170) is possibly ascribed due to the larger perovskite crystals size.
14 The hysteresis effect in the sample D is negligible (h D = 1.0137). To provide full information on the characterization of the devices, incident photon to converted electron (IPCE) and UV−vis absorbance spectra have been measured for each sample (see Figure S2 and S3 in the Supporting Information).
2.2. Structural and Composition Analysis (STEM/EDX/ XPS). Samples were prepared into lamellae for STEM-EDX analysis using focused ion beam (FIB) milling. The extracted volume that can be investigated with high spatial resolution is roughly 5 μm wide and 150 nm thick; the sampling area that can be obtained is thus considerably smaller than the one analyzed using XPS or TOF-SIMS that will be presented later. Morphologies of the different samples are shown in Figure 2 , where the different layers are labeled. The morphology of the different samples is consistent with scanning electron micrographs reported by other groups. 23, 24 The images represent the STEM-HAADF (high angle annular dark field) signal, which is proportional to the thicknessroughly homogeneous in these casesand to the average atomic number; gold appears very bright, while titania, carbon, and voids look dark. The platinum coating that can be seen in the figure is deposited as a protective buffer during FIB preparation. The main differences in the morphology of the samples concern the degree of infiltration of the perovskite inside the mesoporous TiO 2 and the structure of the capping perovskite layer. Whereas samples B and C display a good infiltration of lead and iodine in the mesoporous TiO 2 , samples A and D contain regions of low density, visible as dark areas in the HAADF images where the infiltration was incomplete. In sample A such regions are located at the interface between the mesoporous scaffold and the compact TiO 2 layers, while in sample D a considerable portion of the scaffold is not infiltrated. This poor pore filling fraction of the perovskite into the TiO 2 layer suggests that the single-step conversion dynamics occur before full infiltration is achieved, preventing full diffusion of the precursors. Additional XPS characterization of sample D will be discussed later in this section. The capping perovskite layers are also different in thickness and grain size. Sample B, which has the highest PCE, contains evenly distributed grains with a size of around 100 nm. Sample A presents a much thinner and patchy capping perovskite layer, while sample C shows large crystals (200− 300 nm), resulting in a much rougher surface. This can be ascribed to the use of the air-flow during the lead iodide deposition using blade coating technique. 5 Moreover, the capping perovskite layer in sample C shows two different intensity levels, suggesting that the crystal size in the depth direction is larger than the lamella thickness (∼150 nm), as observed in the literature. 24 The analysis of elemental distributions corroborates the STEM-HAADF information on infiltration, as can be seen in the maps in Figure 2 . Interestingly, in sample C, Pb and I maps ( Figure 3 ) show iodine diffusion in the top HTM layer. This is suspected to be one of the main pathways of cell performance degradation and is here observed for the first time with nanometer-scale spatial resolution. The migration is not observed to the same extent in the EDX maps on other samples.
The perovskite distribution in sample D is very nonuniform, with large gaps (∼1 μm) in the capping film and grains up to ∼500 nm in size. This indeed explains the lower photoinduced current levels measured for sample D: the effective volume of the cell is smaller than the nominal value, and the optical density of the cell is inhomogeneous.
In order to gain more quantitative information we have performed depth profile analysis with XPS on sample D. In Figure 4 the in-depth distribution of the atomic species percentages are shown as a function of the sputtering time. The XPS analysis allows quantification of gold diffusion associated with the top contact deposition, which is found to be ∼0.5% at the top of the perovskite layer (etch time ∼2000 s) and ∼0.1% at the bottom of the perovskite layer (etch time ∼3000 s). When the profile is at the interpenetrating region between the perovskite and the mesoporous TiO 2 (etch time between 3000 and 5000 s) the Pb and I at % drops to roughly half of their value in the capping perovskite layer. Interestingly, the I/Pb ratio is about 1.4 in the capping perovskite layer (consistent with EDX STEM quantification), whereas it is close to 2 within the TiO 2 scaffold. The presence of regions of constant Pb/I ratio is an indication that in our conditions preferential sputtering does not significantly affect the I/Pb value. Interestingly, the I/Pb ratio is always lower than the theoretical value of 3. As it will be clarified by the ToF-SIMS analysis, this difference is thought to rely on the presence of "free" iodine and precursor elements not converted into the perovskite material (such as PbI, PbI 2 , ...). The iodine at % at the gold surface reaches 6% which testifies that remarkable iodine diffusion takes place through the gold electrode. In XPS quantification Pb and I atoms in any form are (equivalently) counted in the atomic percentage value; the conversion efficiency of the perovskite is thus not accessible through this analysis. For this reason, XPS depth profiling was limited to sample D. In the following sections molecular investigations aimed to identify the exact composition of the perovskite layer were performed with ToF-SIMS.
2.3. Interface Analysis Using ToF-SIMS Depth Profile and 3D Imaging. Dual beam ToF-SIMS depth profiling is performed to reveal the distribution of constituent elements and possibly relate it to the perovskite deposition process and the solar cell performance. In order to compare the signal intensities in the different profiles, the intensities have been calibrated so that the Au 3 − counts measured on the top electrode are the same. The sputtering is operated with the low energy (500 eV) Cs + beam which has the advantage of providing similar etch rates on organic and inorganic materials thanks to the synergy between mechanical and chemical erosion processes taking place on the surface. 25 ToF-SIMS profiles of sample A, B, C, and D are reported in Figure 5 . however, in sample C, due to the air conversion, the O 2 − intensity in the perovskite layer is twice as high as the TiO 3 − intensity (while it is comparable in other samples). The interfaces are much broader in sample C in agreement with the higher interface roughness determined by STEM. The O 2 − intensity has a relative maximum in the spiro-OMeTAD top surface due to the p-doping process, which is done by exposing the layer to air for 4 h prior to the back-contact deposition. 26 Chlorine distribution has been carefully monitored especially in sample D (Figure 5d ). Chlorine contamination is typically observed in the ToF-SIMS profiles because of its high ionization yield, however, in sample D up to 100 times higher chlorine signal intensity (compared to samples A, B, and C for which chlorine is only due to contamination from air exposure or solvent residues) is measured in the underlying mesoporous TiO 2 layer. This is indeed a clear indication of chlorine diffusion; however, according with recent studies, 27,28 chlorine signal was not detectable in XPS meaning that its associated atomic percentage is below the detection limit of 0.1%.
Further investigation has been carried with ToF-SIMS 3D analysis. In particular, metal diffusion has been carefully investigated since inhomogeneous metal diffusion has been recently shown to possibly lead to the formation of filaments in hybrid electronic device. 29, 30 In Figure 6 the ToF-SIMS 3D analysis on sample A is reported. Figure 6a shows the 150 × 150 μm 2 Au 3 − XY map. The inhomogeneous gold distribution is testified by the presence of few microns sized spots (as in R1 region) where a localized gold diffusion occurs into the underlying layers. 2D Maps are generated by integrating the gold signal from the 2D images acquired at each profile step. The Au 3 − profile reconstruction in the regions R1 and R2 (Figure 6b) , allows comparing the gold signal intensity as a function of the depth (sputtering time). In R2, the gold signal drops sharply at the Au/Spiro-OMeTAD interface while in R1 it persists through the entire device depth. This is visually shown in the cross section reconstruction along YZ direction in Figure 6c . It is important to stress the fact that the Au 3 − intensity in Sipro-OMeTAD layer is at least 200 times lower on the top electrode, and it further decreases exponentially with the depth. This is an indication of a weak gold diffusion, however, by exposing the device to bias ranges higher than conventional ones, conductive metal filaments could be possibly generated by field enhanced diffusion. 29 Inhomogeneous gold diffusion can occur by diffusion through pinholes in the organic HTM or, as shown in the XZ cross section reconstruction in Figure 6d it can occur in coincidence of structural defects which propagates from the mesoporous TiO 2 layer and finally induce cracks in the perovskite layer. Structural defects (holes) in the TiO 2 could originate from the presence ethyl-cellulose agglomerates in the TiO 2 paste used in the in the screen-printing process. In Sample B, C, and D, while the mean gold diffusion is higher (according to ToF-SIMS profiles), we could not identify such spots in the Au 3 − XY maps. This has to be ascribed to the higher ability of the dipping based techniques to fill the TiO 2 defects and possibly to the higher HTM/ Perovskite interface roughness leading to a lower channeling of the evaporated metal leading to a more uniform gold diffusion at the micron scale.
2.4. Perovskite Conversion Efficiency. Composition analysis with EDX, XPS, and ToF-SIMS have revealed iodine diffusion leading to an inhomogeneous lead/iodine ratio, with marked composition differences between in the capping perovskite layer and the one embedded into the mesoporous TiO 2 layer. It is then crucial to establish whether the constituent elements of the perovskite are present in the desired perovskite form (i.e., CH 3 NH 3 PbI 3 ) or in other forms (PbI 3 or PbI 2 , etc.) as this would allow to compare the perovskite conversion efficiency associated with the each conversion method and environment and determine ionic diffusion testified by the presence of strong signals from iodine fragments. To do this, we selected from the ToF-SIMS profiles the most characteristic fragment from the crystallized perovskite (Pb 2 I 3 − , which is totally absent outside the perovskite layer) and a second fragment PbI 3 − which has the strongest intensity in the perovskite layer, but it is thought to be found also where iodine and lead are bound to form isolated PbI 3 (i.e., not converted into the perovskite structure). The profiles obtained in each sample together with the ratio between PbI 3 − and the (smoothed) Pb 2 I 3 − signals (named R i ) are displayed in Figure 7 . In a homogeneous perovskite layer R i would be constant; an increase in R i is an indication of higher abundance of PbI 3 not in the perovskite form. In sample D (single step, Figure 7d ), PbI 3 signal displays a remarkable raise in the mesoporous TiO 2 matrix indicating a possible iodine diffusion into the TiO 2 scaffold not efficiently forming the perovskite structure (in agreement with STEM results). This would contribute to the lower PCE value of the one-step processed sample. The signal from PbCl − is found to be very low and fairly constant, indicating that the PbCl 2 precursor is almost absent. In sample A (Figure 7a ), the perovskite layer is very compact, The strong decrease in R A within the perovskite layer indicates that the perovskite formation is inhomogeneous with a more efficient conversion at the bottom part of the perovskite layer, while more Pb X I Y species are present at the interface with the HTM not bound into the perovskite structure. In sample B, R B is fairly stable within the perovskite layer, indicating an efficient and homogeneous perovskite conversion which well fits with the high PCE values. The raise of R B indicated some iodine diffusion toward the HTM. In sample C, similarly to sample B, R C displays a constant value in the perovskite layer.
CONCLUSIONS
This work has explored in detail the morphology, composition, and interfaces in PSCs deposited by different methodologies and external conditions by combining multiple advanced characterization tools. In particular, the single-step and double-step deposition routes have been investigated. By STEM analysis, in the double-step deposition procedure the perovskite crystallization environment was found to strongly affect the perovskite domains size and the interface quality. Vacuum processing (VASP) has been found to lead to more compact layers with well-defined interfaces as confirmed by all our characterizations. By ToF-SIMS imaging defects in the underlying layers are found to possibly induce cracks in the perovskite and allow the percolation of the evaporated metal from the top electrode. Moreover, SEM/EDX analysis revealed that the perovskite layer deposited by VASP is inhomogeneous and does not fully infiltrate the mesoporous TiO 2 layer, leading to a lower PCE value. The two step conversion in liquid leads to the highest PCE value due to a homogeneous composition in both the capping perovskite and the mesoporous TiO 2 layer. The air conversion leads to much rougher interfaces, larger perovskite crystal domains, and a possibly higher iodine diffusion toward the HTM layer. Interestingly, the higher oxygen signal measured in the ToF-SIMS profiles of the perovskite formed in air is not associated with a sensibly lower efficiency of the solar cell. Conversely, the efficiency appears to be more strongly related to the quality of the interpenetration region between perovskite and mesoporous TiO 2 . This is confirmed by the analysis on the one-step method sample, displaying the lowest PCE value, and for which even if the HTM/perovskite interface is sharp and low iodine diffusion occurs, the pore filling of the mesoporous TiO 2 layer is highly inhomogeneous leading to a lower coverage and a lower perovskite formation efficiency as evaluated from STEM-EDX and ToF-SIMS analyses, respectively. The patterned substrates are cleaned in an ultrasonic bath, using detergent with deionized water, acetone and isopropanol (10 min for each step). A 80 nm-thick patterned blocking TiO 2 layer (BL-TiO 2 ) is then deposited on the patterned FTO using Spray Pyrolysis Deposition according to previously reported procedure. 31 A 250 nm-thick mesoporous TiO 2 layer (18NR-T paste, Dyesol, diluted with terpineol and ethylcellulose) is deposited by screen-printing over the BL-TiO 2 surface and sintered at 480°C for 30 min. The final thickness is measured by profilometer (Veeco 150, Dektak). The perovskite layer deposition is performed following four different approaches, which are discussed below. The hole transport material (HTM) is then deposited by spin-coating a 75 mg mL , calculated as the overlap area between the top and the bottom electrode. Masked devices are tested using an aperture of 0.25 cm 2 under solar simulator (class A) at AM 1.5 G and 100 mW cm −2 illumination conditions, calibrated with a Skye SKS 1110 sensor. Samples are then glass−glass encapsulated with a thermoplastic gasket 12 to protect the perovskite layer from moisture before the characterization steps. Incident photon-to-current conversion efficiency (IPCE) was measured for all samples using an apparatus made of an amperometer (Keithley 2612) and a monochromator (Newport Mod. 74000). UV−vis spectra were measured with a Shimadzu UV-2550 (PC)/MPC 2200 spectrophotometer using an integrating sphere.
4.1.2. Perovskite Layer Deposition. The perovskite layer is deposited following a two-step method in samples A, B, and C, and a one-step process in sample D. The deposition conditions, such as the PbI 2 concentration and the conversion time, have been optimized based on our previous results. 4, 5, 12, 18 Sample A. First, PbI 2 powder (Aldrich, 99%) is dissolved in dimethylformamide (DMF) with a concentration of 400 mg mL −1 and stirred at 70°C. The hot PbI 2 solution is spin-coated on the mesoporous TiO 2 scaffold at 4000 rpm for 30 s on substrates preheated at 70°C. The sample is successively dried at 120°C for 1 h in air to remove the solvent and drive the crystallization. The second step of the procedure, corresponding to the perovskite conversion, is performed by VASP in low vacuum (0.02 mbar): the sample is put on a hot plate (150°C) surrounded by methylammonium iodide (MAI) powder for 90 min.
Sample B. Lead iodide solution (PbI 2 in N,N-dimethylformamide, 460 mg mL −1 ) is spin-coated at 6000 rpm for 10 s and then dried at 70°C for 60 min. The perovskite conversion (CH 3 NH 3 PbI 3 crystallization) is operated in glovebox filled with nitrogen by dipping the . To obtain a compact and smooth layer, an air flow (speed 17 m 3 s −1 , temperature 100°C) is used to quickly evaporate the solvent after the deposition. The perovskite conversion is operated in air by dipping in MAI solution (10 mg mL −1 in anhydrous isopropyl alcohol) for 30 min. Then the sample is washed with isopropyl alcohol, dried with nitrogen flow, and then heated at 70°C for 30 min.
Sample D. MAI solution and PbCl 2 powder (98%, Sigma-Aldrich) are mixed without further purification (3:1 mass ratio) and dissolved in DMF (40% w/w). The solution is then spin-coated in a glovebox filled with nitrogen at 2000 rpm for 60 s. The perovskite conversion is performed by heating the sample at 90°C for 60 min.
4.2. Solar Cell Characterizations. ToF-SIMS 3D chemical analysis is carried with a dual beam TOF-SIMS IV (IONTOF) spectrometer equipped with a 25 keV Bi 3 + beam for the analysis and a 500 eV Cs + ion beam for the sputtering operated in noninterlaced mode. These conditions allow for an in-plane resolution of about 1 μm, an in-depth resolution of about 1 nm and a mass resolution of M/ ΔM ∼ 5000. XPS depth profiles (ESCALAB 250Xi,Thermo Scientific) are built by successively alternating 100 s sputtering with 1 keV Ar + beam and XPS analysis performed with a monochromatic Al Kα X-ray beam with a spot size of 300 μm. Quantification is evaluated after Shirley background subtraction with Avantage software on survey spectra acquired at 150 eV pass energy. Sealed cells were opened just before the analyses.
Samples for TEM were prepared in a FEI Helios Nanolab FIB/SEM as a lamella using a conventional procedure. 32 Sealed cells were opened just before FIB processing (occurring in high vacuum) and, after preparation into a lamella, the samples were immediately transferred (in air) for TEM analysis, limiting overall exposure to the environment to about 10 min. STEM/EDX was carried out in a FEI Osiris (200 kV acceleration voltage) equipped with a X-FEG gun and a Bruker Super-X EDX detector. EDX maps were acquired over an area of ∼1 μm 2 (with small variations due to the active layer thickness in the different samples) with a pixel size of 10 nm and a dwell time of 100 ms per pixel, using a beam current of 700 pA. Repeated STEM imaging and EDX maps acquisition were carried out to check for beam-induced degradation of the region of interest, finding the samples stable under such conditions for the duration of the experiment.
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